Preeclampsia encompasses multiple conditions of varying severity. We examined the recurrence and familial aggregation of preeclampsia by timing of onset, which is a marker for severity. We ascertained personal and family histories of preeclampsia for women who delivered live singletons in Denmark in 1978-2008 (almost 1.4 million pregnancies). Using log-linear binomial regression, we estimated risk ratios for the associations between personal and family histories of preeclampsia and the risk of early-onset (before 34 weeks of gestation, which is typically the most severe), intermediate-onset (at 34-36 weeks of gestation), and late-onset (after 36 weeks of gestation) preeclampsia. Previous early-, intermediate-, or late-onset preeclampsia increased the risk of recurrent preeclampsia with the same timing of onset 25.2 times (95% confidence interval (CI): 21.8, 29.1), 19.7 times (95% CI: 17.0, 22.8), and 10.3 times (95% CI: 9.85, 10.9), respectively, compared with having no such history. Preeclampsia in a woman's family was associated with a 24%-163% increase in preeclampsia risk, with the strongest associations for early-and intermediate-onset preeclampsia in female relatives. Preeclampsia in the man's family did not affect a woman's risk of early-onset preeclampsia and was only weakly associated with her risks of intermediate-and late-onset preeclampsia. Early-onset preeclampsia appears to have the largest genetic component, whereas environmental factors likely contribute most to late-onset preeclampsia. The role of paternal genes in the etiology of preeclampsia appears to be limited. familial aggregation; partner change; preeclampsia; recurrence; timing of onset Abbreviations: CI, confidence interval; RR, risk ratio.
We have known for more than a century that preeclampsia recurs in individual women and clusters in families (1) , but the heritable aspects of preeclampsia are still not well understood. The heritability of preeclampsia is estimated to be 30%-55% (2, 3) ; together with findings from genetic studies (4) and studies of preeclampsia risk in the offspring of affected mothers and among siblings (3, (5) (6) (7) (8) , this suggests that the etiology of preeclampsia involves maternal and paternal genetic contributions at multiple loci and a substantial environmental component (9) .
It is increasingly clear that preeclampsia is not a single disorder but rather a heterogeneous set of gestational hypertensive conditions that, despite shared clinical features, probably have different patterns of inheritance (9) (10) (11) . Early-onset preeclampsia (onset before 34 weeks of gestation) is much more likely to be severe than is preeclampsia that begins just before term (11, 12) , but power considerations and missing data often necessitate that investigators disregard the timing of onset; most previous studies only examined preeclampsia subtypes in subanalyses, if at all. In a cohort of almost 1.4 million pregnancies, we classified preeclampsia as early-, intermediate-, or late-onset, and for each subtype, we examined 1) preeclampsia recurrence with and without a change of partners between pregnancies and 2) associations between maternal and paternal family histories of preeclampsia and the risk of preeclampsia in the current pregnancy.
MATERIALS AND METHODS

Data sources and preeclampsia definition
The study was approved by the Danish Data Protection Agency in accordance with Danish law. We linked information from the Danish Civil Registration System (13) , the Medical Birth Register (14) , the National Hospital Discharge Register (15, 16) , and the Danish Family Relations Database via the unique personal identification numbers assigned to Danish residents. Women registered in the Hospital Discharge Register with International Classification of Diseases, 8th Revision, codes 637.03-637.99, 762.19-762.39, or 762.99 or 10th Edition codes O14.0-O15.9 were considered to have had preeclampsia. Gestational week at preeclampsia onset was estimated from the date that preeclampsia was first registered in the Hospital Discharge Register and the date of delivery and length of gestation recorded in the Medical Birth Register. As suggested by von Dadelszen et al. (11) , we defined early-onset preeclampsia as preeclampsia that was first registered before 34 weeks of gestation, intermediate-onset preeclampsia as preeclampsia that was first registered in weeks 34-36 of gestation, and late-onset preeclampsia as preeclampsia that was first registered after 36 weeks of gestation.
Study cohorts and definition of personal and family histories of preeclampsia
Using the Civil Registration System and the Medical Birth Register, we identified all women who delivered 1 or more live singletons with a known gestational age at birth in Denmark between 1978 (when registration of gestational length began) and 2008. For each such pregnancy, we identified the baby's father via the Civil Registration System; we then identified maternal and paternal grandparents and parents' siblings and half-siblings using the Family Relations Database and determined which of these family members also had children with a known gestational age at birth born between 1978 and 2008.
For each pregnancy, we assessed whether there was a 1) shared personal history of preeclampsia (i.e., whether the woman had had preeclampsia in 1 or more previous pregnancies in which the father was same man who fathered the current pregnancy); 2) maternal personal history of preeclampsia (i.e., whether the woman had had preeclampsia in 1 or more previous pregnancies fathered by a different man); 3) paternal personal history of preeclampsia (i.e., whether the man had previously fathered 1 or more preeclamptic pregnancies with a different woman); 4) maternal family history of preeclampsia (i.e., whether 1 or more of the woman's female relatives previously had a preeclamptic pregnancy or 1 or more of her male relatives had fathered a preeclamptic pregnancy); or 5) paternal family history of preeclampsia (i.e., whether 1 or more of the man's relatives previously had or had fathered a preeclamptic pregnancy).
For each of the 5 preeclampsia histories, a subcohort was created that included all pregnancies in which such a history was possible. For example, a woman with a pregnancy in the shared personal history cohort had had 1 or more previous pregnancies of known gestational length with the same man; a woman with a pregnancy in the maternal family history cohort had 1 or more relatives with a pregnancy of known gestational length before her own. The association between a given preeclampsia history and the risk of preeclampsia in the current pregnancy was then evaluated among the women with pregnancies in the relevant subcohort. Multiple pregnancies were ignored in both exposure and outcome ascertainment because the mechanisms underlying preeclampsia in pregnancies with multiple fetuses may differ from those that produce preeclampsia in singleton pregnancies.
Although preeclampsia, particularly the more severe earlyonset variety, is associated with an increased risk of stillbirth (17, 18) , registration of stillbirths in Denmark does not include the father's identity. Consequently, pregnancies ending in stillbirth were not included in our primary cohorts, although we repeated the maternal family history analyses in a cohort that included these pregnancies.
Statistical analysis
Risk ratios for preeclampsia with onset in specific risk periods (<34, 34-36, and >36 weeks of gestation) were estimated using log-linear binomial regression. Analyses for the period of 34-36 weeks of gestation considered only pregnancies that continued to and were free of preeclampsia until at least 34 weeks; likewise, analyses for the period of greater than 36 weeks considered only pregnancies that had not ended before and were free of preeclampsia until at least 36 weeks. We compared pregnancies in women with a specific history of preeclampsia with pregnancies in women who could have had such a history but did not. For instance, we compared the risk of preeclampsia in women who had had preeclampsia in a previous pregnancy with the same man with the risk in women who had had 1 or more previous pregnancies, none of which were preeclamptic, with the same man. Likewise, preeclampsia risk in women with a history of preeclampsia among female relatives was compared with the risk in women with 1 or more female relatives, none of whom had had preeclampsia when pregnant. All risk ratios were adjusted for maternal age at birth (<20, 20-24, 25-29, 30-34 , and ≥35 years) and year of birth (5-year categories). Tests for homogeneity of risk ratios for different family histories were performed using likelihood ratio tests.
Because the analyses could include multiple pregnancies in the same woman, we conducted additional analyses using generalized estimating equations to account for possibly correlated outcomes. The results did not differ from the results of our primary analyses (data not shown); consequently, we present the results from analyses that included all pregnancies for each woman. Furthermore, because adjustment of the family history results for personal history of preeclampsia did not affect the estimates appreciably (data not shown), we present the unadjusted results. Early-and intermediate-onset preeclampsia in previous pregnancies were associated with 25-fold and 20-fold increased risks, respectively, of preeclampsia with the same timing of onset in a subsequent pregnancy with the same partner compared with pregnancies with no such history ( Table 1) . The association between a shared personal history of late-onset preeclampsia and subsequent late-onset preeclampsia risk was weaker, although still substantial (risk ratio (RR) > 10) ( Table 1) .
RESULTS
Of
Changing male partners between pregnancies had little effect on the strength of the associations between preeclampsia in a previous pregnancy and the risk of preeclampsia in the current pregnancy (Table 1) ; only the association with a history of late-onset preeclampsia was diminished, and even then the risk of subsequent late-onset preeclampsia was considerable (RR > 7) ( Table 1 ). In contrast, changing female partners returned the risk of preeclampsia in a subsequent pregnancy to baseline, regardless of the timing of preeclampsia onset (Table 1) .
Maternal family history of preeclampsia
A maternal family history of early-, intermediate-, or lateonset preeclampsia was associated with 2.15 times, 2.08 times, and 1.49 times the risk, respectively, of the corresponding form of preeclampsia compared with pregnancies in women with no family history of that type of preeclampsia (Table 2) . A history of early-or intermediate-onset preeclampsia in a female relative (mother, full sister, or half-sister) increased the risk of the corresponding form of preeclampsia by more than 150% compared with an absence of such family histories (Table 2) . In contrast, a history of late-onset preeclampsia in female relatives only increased the risk of late-onset preeclampsia by 73% (Table 2) . Associations with preeclampsia in pregnancies fathered by male relatives (father, full brother, or half-brother) were less pronounced, with the risks of early-, intermediate-, and late-onset preeclampsia increased by 78%, 45%, and 24%, respectively, given a history of the same type of preeclampsia in pregnancies fathered by male relatives. The differences in strength of association by history of preeclampsia in the pregnancies of maternal female and male relatives were statistically significant for intermediate-and late-onset preeclampsia but not for early-onset preeclampsia (Table 2) . Associations with maternal family history of preeclampsia were of the same magnitude for nulliparous and parous women (Appendix Table 1 ).
When we considered history of preeclampsia in specific maternal relatives, the numbers became sparse. However, associations with early-and intermediate-onset preeclampsia in female relatives appeared to be driven by preeclampsia in mothers, full sisters, and maternal half-sisters (RRs = 2-4; data not shown), whereas paternal half-sisters also contributed to the association with late-onset preeclampsia in female relatives (data not shown). Strong associations with early-onset preeclampsia in pregnancies sired by participants' fathers (i.e., pregnancies that produced paternal half-siblings; RR = 5.20, 95% confidence interval (CI): 2.34, 11.6) and in pregnancies sired by paternal half-brothers (RR = 5.22, 95% CI: 2.16, 12.6) appeared to drive the almost 2-fold increase in the risk of preeclampsia that was associated with early preeclampsia in pregnancies fathered by male relatives; no particular type of relative contributed disproportionately to the associations observed with intermediate-and late-onset preeclampsia in pregnancies fathered by male relatives.
When we included pregnancies ending in stillbirth in our cohort, the magnitude of the association between a maternal family history of early-onset preeclampsia and risk of early preeclampsia increased modestly (RR = 2.47, 95% CI: 1.69, 2.73). In contrast, the associations for intermediate-and lateonset preeclampsia were essentially unchanged (for intermediateonset, RR = 2.17, 95% CI: 1.76, 2.66; for late-onset, RR = 1.50, 95% CI: 1.41, 1.59).
Paternal family history of preeclampsia
The risk of preeclampsia, early-onset preeclampsia in particular, was affected much less by a paternal family history of preeclampsia (Table 2 ). Paternal family history of earlyonset preeclampsia was not associated with the risk of earlyonset preeclampsia, whereas paternal family histories of intermediate-and late-onset preeclampsia were only associated with 45% and 12% increases, respectively, in the risk of the corresponding form of preeclampsia (Table 2 ). There were no differences in the contributions of preeclampsia in female relatives and in pregnancies fathered by male relatives for early-, intermediate-, or late-onset preeclampsia ( Table 2 ). The numbers were too sparse to allow us to examine associations with preeclampsia in specific relatives. Our findings for paternal family history of preeclampsia were the same for nulliparous and parous women (Appendix Table 1 ).
DISCUSSION
Consistent with previous studies of preeclampsia recurrence (19, 20) , we found that previous preeclampsia was associated with a risk of preeclampsia in subsequent pregnancies that was substantially higher than the risk in women who had not had preeclampsia in previous pregnancies. We also found that this association was much stronger for early-onset preeclampsia than it was for preeclampsia with onset near term.
Published findings on partner change and the risk of preeclampsia in subsequent pregnancies depend on whether the focus was on the risk of recurrence or the risk of de novo preeclampsia after a change of partner and whether relative risk estimates were adjusted for interpregnancy/birth interval (21) (22) (23) (24) . Among the studies most relevant to our work, Lie et al. (22) reported that changing male partners did not significantly change the risk of preeclampsia recurrence, regardless of adjustment for interpregnancy interval. Basso et al. (23) found that changing partners might protect against preeclampsia recurrence but only in women with an interpregnancy interval greater than 5 years, and Wikström et al. (24) adjusted for interpregnancy interval and found that changing partners was strongly protective against the recurrence of preterm preeclampsia (fetus delivered before 37 weeks of gestation) but not of term preeclampsia. Our results, which were not adjusted for interpregnancy interval, were most consistent with those of Lie et al. We found that switching male partners between pregnancies was only associated with e Risk ratio estimating the association between a specified personal history of PE with onset in a given gestational period and the risk of subsequent PE with the same timing of onset in pregnancies in which such a history was possible.
f History of PE in 1 or more previous pregnancies fathered by the man who fathered the current pregnancy. g History of PE in 1 or more previous pregnancies fathered by a different man. h History of PE in 1 or more previous pregnancies with a different woman. e Risk ratio estimating the association between a specified family history of PE with onset in a given gestational period and the risk of subsequent PE with the same timing of onset in pregnancies in which such a history was possible (i.e., risk ratio reflecting familial aggregation of PE with specified onset).
f History of PE with onset in the specified gestational period in the woman's family. g P values for homogeneity of overall maternal and paternal family history estimates. h History of PE in mothers, full sisters, or half-sisters. i History of PE in the female partners of fathers, full brothers, or half-brothers. j P values for homogeneity of female and male relative estimates in maternal family history. k History of PE with onset in the specified gestational period in the male partner's family. l P values for homogeneity of female and male relative estimates in paternal family history.
a reduced risk of recurrence for late-onset preeclampsia and that despite this decrease, the risk of recurrence remained substantial. Our decision not to adjust for interpregnancy interval was based on the argument that birth interval is more likely to be a collider than a confounder of the association between partner change and preeclampsia (25) , a decision bolstered by the robustness of the findings of Lie et al. (22) and Basso et al. (23) , which changed very little after adjustment for the interpregnancy interval. Lie et al. found that a man who had previously fathered a preeclamptic pregnancy had an 80% greater risk of fathering a preeclamptic pregnancy with a new female partner than did a man with no previous history of fathering a preeclamptic pregnancy who switched partners (22) . We found that switching female partners essentially returned the risk of fathering a pregnancy with late-onset preeclampsia to baseline. Confidence intervals around our estimates for early-and intermediateonset preeclampsia were too wide to allow for firm conclusions; at most, these results might be consistent with a small male "recurrence" risk with a change of female partner.
A maternal family history of preeclampsia was associated with up to a 115% increase in preeclampsia risk, with the association being strongest for early-onset preeclampsia. When pregnancies that ended in stillbirth were included in the cohort, the association with early-onset preeclampsia increased modestly, whereas the associations with intermediate-and late-onset preeclampsia did not (as might be expected, given that preeclampsia so severe as to result in stillbirth likely begins early in pregnancy). Associations of a woman's preeclampsia risk with preeclampsia in female relatives and in pregnancies fathered by male relatives were of similar magnitude for early-onset preeclampsia, whereas for intermediate-and late-onset preeclampsia, the experience of female relatives was more important. In contrast, a paternal family historyof preeclampsiawas not associated with early preeclampsia risk and was only modestly associated with the risks of intermediate-and late-onset preeclampsia.
Our findings with respect to shared personal history, maternal personal history, and maternal family history indicate that although genetics play a role in preeclampsia regardless of the timing of onset, early-onset preeclampsia appears to have the largest genetic component. In contrast, the role of environmental factors is likely greatest in late-onset preeclampsia. This seems counterintuitive because a trait like early preeclampsia, which has such dire consequences for fetal and maternal mortality, would be expected to be under considerable negative selection. However, genetic studies have failed to find associations between common genetic variants and preeclampsia risk (26) (27) (28) , and the current hypothesis instead suggests that large numbers of rare mutations may contribute to genetically determined preeclampsia (29, 30) , ensuring the continuing occurrence of this devastating condition despite negative selection.
Our findings with respect to paternal personal history and family history, in particular those showing only limited associations between paternal family history and the risk of preeclampsia, suggest that maternal genes are more important than are paternal genes in the etiology of preeclampsia, especially early-onset preeclampsia. This may simply be because a man's contribution to the development of preeclampsia is limited to the expression of paternally inherited fetal genes during pregnancy, whereas a woman influences the pregnancy through both her own genotype and fetal genes of maternal origin. On the other hand, the fact that changing female partners substantially reduces a man's risk of fathering another preeclamptic pregnancy challenges such an argument. Mechanisms involving mutations in paternally imprinted alleles could contribute to patterns of inheritance weighted more heavily towards maternal contributions (31) .
The magnitudes of the family history associations were the same for nulliparous and parous women, which suggests that the etiologic factors underlying familial aggregation of preeclampsia affect all pregnancies equally, in contrast to other proposed etiologic factors that may increase risk of preeclampsia more in a first pregnancy than in subsequent pregnancies. Conditions with incompletely penetrant genetic components that involve endothelial dysfunction or microvascular disease are possible candidates to explain both the observed recurrence and the familial aggregation of preeclampsia.
Collectively, our results provide additional support for the hypothesis that preeclampsia comprises multiple etiologically distinct entities and make a case for considering the timing of onset as an integral part of any preeclampsia definition. In our population-based cohort, there were 5 times as many cases of late-onset preeclampsia as of early-onset preeclampsia. In analyses in which the timing of onset was ignored, late-onset preeclampsia patterns would predominate, swamping other signals. The timing of onset is also a logical marker of the severity of preeclampsia because early-onset preeclampsia is generally ultimately severe.
Use of the Danish national registers allowed us to identify preeclamptic pregnancies and estimate timing of onset without using timing of delivery as a proxy for early onset or relying on self-reported information. The Family Relations Database permitted us to assemble pedigrees for the entire Danish population without requiring any individual-level contact, allowing for our study's tremendous size. Linkage of information from the Hospital Discharge Register and the Family Relations Database provided us not only with maternal family history of preeclampsia but also paternal family history, which is infrequently available in the literature.
A register-based study's potential for weakness depends on the degree to which registration of important variables is incomplete, inaccurate, or nonexistent. Inaccuracy and incompleteness of preeclampsia diagnoses in the Hospital Discharge Register could have been a potential source of bias, more so for late-onset pre-eclampsia than for early-and intermediateonset preeclampsia. Most early-onset preeclampsia is likely to be severe (11, 12) . A study validating severe preeclampsia diagnoses (defined by International Classification of Diseases, 10th Revision,codes)in theHospitalDischargeRegisteragainst American College of Obstetrics and Gynecology guidelines showed the sensitivity and specificity of severe preeclampsia diagnoses to be 43.6% and 100%, respectively (32) . Thus, although registration of severe preeclampsia may be incomplete, registered diagnoses are almost certainly accurate. Consequently, bias due to misclassification of severe preeclampsia status for a given pregnancy should have been negligible, resulting in minimal, if any, underestimation of the associations between personal or family history and the risk of early-onset preeclampsia, particularly because the reasons for incomplete registration of severe preeclampsia are likely unrelated to prior pregnancy history or family history (given the way diagnoses are reported), and severe preeclampsia has a very low prevalence.
Moderate preeclampsia diagnoses in the Hospital Discharge Register have not been validated, but the register's sensitivity for these diagnoses is probably low, particularly before 1995 when only inpatient diagnoses were registered. However, when evaluating bias due to misclassification, the register's specificity is more important than its sensitivity. Although some women without preeclampsia were likely misclassified as having moderate preeclampsia (<100% specificity), it is doubtful that the false positive rate was high enough to affect our estimates of preeclampsia recurrence and familial aggregation. The lag between onset and diagnosis was also probably greater for moderate preeclampsia than it was for severe preeclampsia, so that some moderate preeclampsia was classified as late-onset when it actually began earlier. This would have had the greatest effect (if any) on the recurrence results: The timing of onset would likely be more accurate in women with previous preeclampsia than in women whose previous pregnancies were normal, leading to an underestimation of the rate of early-onset preeclampsia among the latter. However, given the size of the denominator (≥700,000 pregnancies), this should have affected our results very little.
Because preeclampsia increases the risk of stillbirth (17, 18) , it would have been logical to include pregnancies that ended in stillbirth in our analyses. However, as Danish registers do not record paternity for stillbirths, we could not include these pregnancies in the recurrence analyses without making assumptions about paternity, and ascertaining paternal family history of preeclampsia for pregnancies that ended in stillbirth was impossible. Including stillbirths in our recurrence analyses would likely have produced even stronger associations than those that we observed because the extra pregnancies would not have affected our denominator much but would have yielded additional women with recurrent preeclampsia. Increases in the estimate magnitude would be expected to be greatest for early-onset preeclampsia, both because early onset is associated with greater severity and greater risk of stillbirth and because a woman who had experienced a stillbirth due to preeclampsia would be monitored closely in her next pregnancies, and therefore recurrent preeclampsia would be diagnosed early.
Register-based studies often lack information on potential confounders. However, although unaddressed confounders could theoretically have produced the familial patterns we observed, it is difficult to identify nongenetic factors that are strongly associated with preeclampsia, cluster strongly in families, and could explain our observations. For example, although smoking clusters in families and is associated with preeclampsia, the association is a negative one; familial smoking would tend to diminish the familial aggregation of preeclampsia rather than producing clustering. It is also unlikely that familial smoking patterns could explain differences in associations with preeclampsia in male and female maternal relatives.
The use of Danish health register data, the Danish Family Relations Database, and an entire country as our study cohort provided us with the sample size required to include both timing of preeclampsia onset and type of family member in our analyses, resulting in a more nuanced representation of preeclampsia recurrence and familial aggregation than has hitherto been possible. Our results suggest that the timing of preeclampsia onset should be taken into consideration if preeclampsia heritability and etiology are to be unraveled. Earlyonset preeclampsia appears to have the largest genetic component, whereas environmental factors likely contribute most to late-onset preeclampsia; the role of paternal genes in the etiology of preeclampsia seems limited. Abbreviations: CI, confidence interval; PE, preeclampsia; RR, risk ratio. a PE with an onset before 34 weeks of gestation. b PE with an onset at 34-36 weeks of gestation. c PE with an onset after 36 weeks of gestation. d Risk ratio estimating the association between a specified family history of PE with onset in a given gestational period and the risk of subsequent PE with the same timing of onset in pregnancies in which such a history was possible (i.e., risk ratio reflecting familial aggregation of PE with specified onset).
e History of PE with onset in the specified gestational period in the woman's family. f History of PE in mothers, full sisters, or half-sisters. g History of PE in the female partners of fathers, full brothers, or half-brothers. h History of PE with onset in the specified gestational period in the male partner's family.
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